A blood pressure survey was carried out in 1963 in the city of Bergen, Norway. Trie relation between 20-year mortality and Wood pressure in 52,064 participants aged SO-BS years at examination was analyzed. Increased blood pressure was related to increased mortality from coronary heart disease, stroke, and all causes in all age groups except the oldest, where a more irregular pattern was present. The relative risks decreased with age at screening, while the absolute increase in mortality with increasing Wood pressure was greatest in persons aged 60-69 or 70-79 years at screening. A log-linear relation between systolic blood pressure and coronary heart disease and stroke mortality was seen in both men and women. An upturn in total mortality at low systolic Wood pressures was suggested in the groups aged 60 years or more at screening. An upturn, or leveling off, was also seen at low diastWic Wood pressures for total deaths and stroke deaths in both men and women. Am J Epidemiol 1992; 136:428-40. blood pressure; cerebrovascular disorders; coronary disease; mortality Several prospective observational studies have shown a positive association between blood pressure and the incidence of and mortality from coronary heart disease and stroke (1-17). However, no study has included both sexes and a broad age range. Questions remain as to whether the association between blood pressure and mortality is the same in men and women and in different age groups. In the present study, age at the time of examination ranged from 30 years to more than 80 years. Both sexes were included, the size of the population was large, and there was a long follow-up period
Several prospective observational studies have shown a positive association between blood pressure and the incidence of and mortality from coronary heart disease and stroke (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . However, no study has included both sexes and a broad age range. Questions remain as to whether the association between blood pressure and mortality is the same in men and women and in different age groups. In the present study, age at the time of examination ranged from 30 years to more than 80 years. Both sexes were included, the size of the population was large, and there was a long follow-up period (20 years) . In this paper, the risk curves are studied in detail for men and women in The author thanks Drs. Dag S. Thelle, Aage Tverdal, and Ingar Holme for valuable comments on the manuscript.
Part of this work was conducted while the author worked at the Section of Medical Statistics, University of Oslo, and was supported by grants from the Norwegian Council for Science and the Humanities. different age groups. Comparison is made with two other Norwegian studies and the Multiple Risk Factor Intervention Trial (MRFIT) (14, 18, 19) .
MATERIALS AND METHODS

Population
A blood pressure survey was arranged in the city of Bergen, Norway, in August 1963-February 1964 in connection with ongoing mass miniature radiographic screening for pulmonary tuberculosis (4) . The total population aged 14 years or more was invited to participate. The majority of the examinations were carried out in 1963; only a few people were examined at the beginning of 1964. Therefore, January 1, 1964, was chosen as the starting date of follow-up.
Systolic and diastolic blood pressure were measured twice using a mercury sphygmomanometer, with the subject in a sitting position. The second of the two measurements was recorded and was used in these analyses. Systolic blood pressure was defined as mmHg at the first Korotkofif sound (phase 1), diastolic blood pressure as mmHg at the disappearance of the KorotkofF sounds (phase 5).
Because of few deaths during follow-up in the groups younger than age 30 years at screening, the present analyses are restricted to people aged 30-89 years. In these age groups, a total of 21,686 men and 31,189 women attended the screening-an attendance rate of 74 percent for men and 85 percent for women. A 5'/4-year follow-up was conducted of the same study population (4) . It was reported that young adults and persons aged 70 years or more had lower attendance than those in other groups, with a particularly low attendance rate in young men. In this study, the youngest attenders, below age 30 years, were excluded. Furthermore, nonattenders had higher mortality than attenders. This excess mortality was mostly explained by high mortality among bedridden persons.
People with a recorded diastolic blood pressure less than 40 mmHg were excluded from the analyses. This study thus comprises 21,367 men and 30,697 women aged 30-89 years at screening who were alive on January 1, 1964, with recorded measures of both systolic and diastolic blood pressure and with a measured diastolic blood pressure >40 mmHg. These subjects were followed from January 1, 1964, until death, emigration from Norway, or December 31, 1983 
Statistical methods
To estimate the relative risk associated with a given change, A, in blood pressure (systolic or diastolic), the following loglinear models for grouped data were fitted, using Poisson regression (20, 21) : The data were grouped according to blood pressure (systolic or diastolic) into intervals of 10 mm. The mean blood pressure in the group was assigned to each category (x k to group k), and the follow-up period was divided into four 5-year intervals. For time interval /, age group j at screening, and blood pressure category k, the regression model for the mortality rate My* is given by n tJ k = exp(a, + j8 y + 7 r \'A.). The relative risk associated with a difference of A is then exp(A7 y ) for age group/ The A's chosen were 10 mm for diastolic blood pressure and 15 mm for systolic blood pressure; these values were close to the standard deviations of diastolic and systolic blood pressure in the youngest groups of men and women (table 1) . The same A's were used in all age groups. The (20) . In the above model, the blood pressure slopes, y p j = 1,..., 6, were allowed to vary between age groups. For testing equality of slopes, models with equal slopes were estimated: Mjk = exp(a, + #, + yXk). These models were compared using likelihood ratio tests, which is equivalent to comparing deviances in generalized linear models (21) . The form of the risk curves was also tested by including second-order terms in the models: nyk = exp(«, + / 3y + y\jXk + y^Xk 1 ) . Improvement of fit was tested by likelihood ratio chi-square tests for all age groups combined. The p values from these tests are given in the figure legends. In the comparison with other studies, the calculated relative risks are simply the ratio of the mortality rate in the group with high blood pressure to that in the group with lower blood pressure (systolic pressure > 160 mmHg vs. systolic pressure <160 mmHg and diastolic pressure >95 mmHg vs. diastolic pressure <95 mmHg). In all tables, figures, and estimated models, "age" means age at screening.
RESULTS
Mean systolic blood pressure increased steadily with age, whereas for diastolic blood pressure, the mean values leveled out above the age of 60 years (table 1). The standard deviation of blood pressure increased with age, increasing relatively more for systolic blood pressure.
The data include 856,189 person-years of observation, 19,447 deaths from all causes, 4,618 deaths from coronary heart disease, and 2,770 deaths from stroke.
Coronary heart disease mortality
Coronary heart disease was a common cause of death in men who were aged 40-59 years at screening. In these groups, coronary heart disease deaths constituted 36-38 percent of all deaths (tables 2 and 3). In women, the highest percentage was 22 and was found in the groups that were aged 50-69 years at screening. At the same level of systolic blood pressure, coronary heart disease mortality in women is comparable with that in men 15-20 years younger (figure 1). The ratio between coronary heart disease mortality rates in women and men increased from 0.15 in the age group 30-39 years to 0.68 in persons aged 80-89 years at screening. In both men and women, the relation between systolic blood pressure and coronary heart disease mortality was positive and linear on the logarithmic scale in all age groups except >80 years, where there was no significant association. The estimated relative risk per 15 mmHg decreased with increasing age at screening (table 4). It was greater in women compared with men below the age of 60 years at screening and was about the same in the older groups. In all age groups at screening, the absolute increase in the mortality rates with increasing systolic blood pressure was less in women than in men (table 2 ).
An increase in coronary heart disease mortality with increasing diastolic blood pressure is seen in both men and women (figure 2). In the groups aged 60 years or more at screening, coronary heart disease mortality varied little below diastolic blood pressure values of 90 mmHg. In the oldest group of men, there was no significant association, positive or negative, between diastolic blood pressure and coronary heart disease mortality, while a borderline significant positive association was seen in the oldest group of women. The relative risk per 10 mmHg decreased with age at screening and was close to the relative risk associated with a difference of 15 mmHg in systolic blood pressure in both men and women (table 4).
Stroke mortality
Strokes constitute an increasing percentage of all deaths with increasing age in both men and women (tables 2 and 3). In the oldest groups of women, more deaths were diagnosed as stroke than as coronary heart disease. Stroke mortality was slightly higher in men as compared with women in all groups aged less than 80 years at screening. The ratio between the mortality rates in men and women decreased with age at screening, and in the oldest groups, men and women had similar mortality from stroke.
Mortality from stroke increased with increasing systolic blood pressure in both men and women (figure 3). The relative risk associated with a difference of 15 mmHg was similar in men and women, except possibly at ages 30-39, and decreased with age from the age group 40-49 onward (table 4). The relative risks were higher than the corresponding relative risks for coronary heart disease mortality. years in both men and women (table 4) . Women aged less than 70 years at screening had slightly larger estimated relative risks associated with a difference of 10 mmHg in diastolic blood pressure than men of the same age (table 4) , whereas the absolute increase in mortality from stroke by increasing diastolic blood pressure was about the same in men and women in these age groups (table 3) .
Total mortality
Mortality rates for death from all causes were lower in women than in men, varying from 50 percent lower below the age of 60 years at examination to 10 percent lower at >80 years at examination. The risk curves relating systolic blood pressure to total mortality show an upturn at the lowest levels of systolic blood pressure in the older groups ( figure 5, table 2 ), but the numbers of deaths and person-years of observation are small in these categories. The relative risk per 15 mmHg was almost the same for men and women and was slightly less than the relative risk per 15 mmHg for coronary heart disease mortality in all groups. The relative risk decreased with age at screening. In all age groups, the absolute increase in total mortality with increasing systolic blood pressure was lower in women than in men.
The mortality curves relating mortality from all causes to diastolic blood pressure are slightly concave upward (figure 6). The minimum point varies between the groups, but from 70-79 mmHg onward, mortality increased in all except the oldest persons. The relative risk associated with a 10-mmHg difference in diastolic blood pressure was, in most groups, close to the relative risk associated with a 15-mmHg difference in systolic blood pressure. Table 5 shows a comparison of relative risks in this study and three other studies (14, 18, 19) . The results of the four studies are remarkably similar.
Comparison with other studies
DISCUSSION
In this 20-year follow-up study, increased blood pressure was related to increased mortality from coronary heart disease, stroke, and all causes in all age groups except the oldest, where a more irregular pattern was present. The curves were mostly linear on the logarithmic scale. With respect to rela- Diastolic blood pressure (mmHf) FIGURE 6 . Twenty-year all-cause mortality rates, per 10,000 person-years, according to baseline diastolic blood pressure levels: The Bergen Study, Norway, 1963 Norway, -1983 . Inclusion of quadratic terms: men, p < 0.0001; women, p < 0.0001. Test for equality of slopes: men, p < 0.0001; women, p < 0.0001. tive risks, an increase of 15 mmHg in systolic blood pressure corresponded more or less to an increase of 10 mmHg in diastolic blood pressure. As in the 5'A-year follow-up of the same population (4), an upturn, or leveling off, was seen at low diastolic blood pressures for total deaths and stroke deaths. In our study, the same was also seen at low systolic blood pressures for total deaths in the groups aged 60 years or more at screening, whereas the 5'A-year follow-up suggested a log-linear relation in most groups of men and a more Jshaped relation in most groups of women. The numbers of deaths in the lowest categories of systolic blood pressure, however, were small in the 5'A-year follow-up. Holme and Waaler (4) further suggested a falloff in mortality rates for high diastolic blood pressures, especially in men with respect to total death and stroke mortality. The analyses of 20-year mortality show no clear pattern of falloff.
This study, like most other studies, was based on blood pressure measurements recorded on a single occasion. The estimated risk curve will be less steep than the "true" risk curve, because of intraindividual variation and variation between observers. It is the relative variation within persons compared with the variation between persons that determines the degree of underestimation (22, 23) . The standard deviation of the variation in blood pressure readings between occasions has been given previously (24) (25) (26) . Using the methods described by Snedecor and Cochran (22) and Armstrong (23) , and assuming as an example that the standard deviation of intraindividual variation is 10 mmHg and 7 mmHg for systolic and diastolic blood pressure, respectively, systolic blood pressure will be related 53 percent more strongly to mortality and diastolic blood pressure will be related 68 percent more strongly to mortality than the estimates given. This may be compared with results from the Framingham Study, where MacMahon et al. (27) estimated that the association between blood pressure and mortality was about 60 percent stronger than the association based on a single measurement. The intraindividual variation also increases with age and increasing level of blood pressure (28) . In this study, the standard deviation of blood pressure readings in the population increased with age, and the degree of underestimation may well be agedependent, but whether it increases or decreases is unknown.
If there is an upturn at lower blood pressures, this upturn will also be underestimated according to the above principles. This should be kept in mind when a Ushaped or J-shaped relation is present.
In addition to intraindividual variation, between-observer variation may be of some importance. The blood pressure measurements were carried out by 19 specially trained nurses under conditions which were standardized as much as possible. Taperecording tests were used (29) . The interobserver variation in the Bergen Study is not likely to be larger than that in other studies.
The official underlying cause of death was used in this study, and no attempt was made to change this. Among middle-aged men, systolic and diastolic blood pressure were as strongly related to coronary heart disease and stroke mortality in this study as in other studies (table 5) , suggesting an endpoint validity of the same order. For the older age groups, there is no indicator of the endpoint validity. It may be that the weaker association in the older age groups was due to a higher level of cause-of-death misclassification.
No systematic follow-up of high-risk persons was done in this study, but persons with diastolic blood pressures above 110-120 mmHg were to be followed up by a physician. At the time of screening, drug treatment for high blood pressure had scarcely begun in Norway. Thus, drug treatment did not influence the recorded blood pressures. During the first 10 years of follow-up, antihypertensive drugs were not widely used in Norway. In the period 1973-1983, the official statistics from the Norwegian Medical Depot (30) show an increase in the total sale of antihypertensive drugs (diuretics, beta blockers, and other antihypertensive medications) from 60 to 100 defined daily doses per 1,000 inhabitants per day. Other cardiovascular disease studies carried out in Norway in the period 1974-1984 in men and women aged 40-54 years (31, 32) but in other parts of the country than those included in the present study showed that the prevalence of persons who reported themselves to be under treatment for hypertension ranged from 2-3 percent in the youngest age groups to around 10 percent in men aged 50-54 and 13 percent in women aged 50-54. At any rate, recent reports show that the effect of treatment on coronary heart disease mortality is small (33) (34) (35) (36) (37) (38) (39) (40) (41) . Thus, it is not likely that drug treatment has had any noticeable effect on the coronary heart disease mortality rates reported here. On the other hand, many drug trials have shown a reduction in the risk of both fatal and nonfatal stroke by the use of antihypertensive drugs (33) . However, because of little use of antihypertensive drugs, especially in the first parts of the follow-up period, it is not likely that drug treatment had any noticeable effect on the stroke risk curves reported here.
Some studies have found a J-shaped association between diastolic blood pressure and coronary heart disease and total mortality in high-risk groups (34) (35) (36) (37) (38) (39) (40) (41) , especially in people with preexisting cardiac disease and in people under treatment for high blood pressure. In our study, both people with heart disease and people without heart disease are included. There was a continuous rise in coronary heart disease mortality with increasing values of diastolic blood pressure in men aged less than 60 years at screening. However, for coronary heart disease mortality in women and for mortality from stroke and all causes in most age groups of men and women, the risk varied little with diastolic blood pressure for values less than 90 mmHg. If a J-shaped relation is present among people with cardiovascular disease, it may be that the declining relative risk with older age is due to a higher proportion with cardiovascular heart disease among older persons.
Despite decreasing relative risks with age, it should be kept in mind that rate differences were higher in older ages due to higher absolute mortality levels. The level of mortality must also be considered when assessing blood pressure as a risk factor in men and Bkxxj Pressure and Twenty-year Mortality 439 women. The absolute increase in mortality from all causes and coronary heart disease with increasing blood pressure was greater in men in all age groups. The absolute increase in stroke mortality was also greater in men, but only slightly so.
In the oldest groups of men and women, the positive association between blood pressure and mortality disappears. Blood pressure seems to be of no importance in those groups. However, the 95 percent confidence intervals of the relative risks were wide for this age group. Other investigations have shown varying results. In one Finnish study of survival in old people who were living either at home, in an old people's home, or in the hospital (42) , an inverse relation was seen between blood pressure and mortality. Another Finnish study of old people living at home (43) demonstrated a more U-shaped relation. It was suggested that the association between blood pressure and mortality differs between institutionalized old people and old people living at home. Further investigations are needed to ascertain whether raised blood pressure ceases to be a risk factor in the very old.
In summary, this 20-year follow-up of both men and women showed decreasing relative risks with age, whereas rate differences were greatest in people aged 60-69 or 70-79 years at screening. The risk curves relating systolic blood pressure to mortality were mostly linear on the logarithmic scale, with the exception of older groups of both men and women, where an upturn in total mortality at low systolic blood pressures was seen. The risk curves relating mortality from all causes and stroke to diastolic blood pressure showed an upturn or leveling off at low diastolic blood pressures.
